INTRODUCTION
============

Human beings have never stopped their pursuit of making their life more convenient and fascinating. A human-machine interface (HMI)---a novel communication channel between a human and an external device---is one way to turn a virtual thought into realistic action. Unlike traditional HMIs as hand operation, speech input, etc., HMIs based on bioelectrical signals ([@R1]--[@R4]) have advantages of "hands-free" or "aphasia," especially for patients suffering from amyotrophic lateral sclerosis. To date, the bioelectrical signals applied to HMIs include neuron signals ([@R1], [@R2], [@R5]), as well as electrocorticogram ([@R6]), electroencephalogram (EEG) ([@R3]), electromyogram (EMG) ([@R7]), electrooculogram (EOG) signals ([@R8]--[@R10]), etc. Among these techniques, EEG, EMG, and EOG are noninvasive. EEG-based HMI is the most commonly used method and has been proven useful for paralyzed patients to communicate with the external world to relatively low cost ([@R3], [@R11]). However, the low signal-to-noise ratio (SNR) of the scalp-recorded EEG signals (in microvolts), the lack of efficient resolution in modeling, and consequently higher requirements for the classification algorithm ([@R12], [@R13]), as well as a long period of training, limit the wide use of EEG-based HMIs ([@R14]). Furthermore, a multielectrode with electrolyte gel \[usually named "wet electrode" ([@R15])\] takes much time to prepare, and the gel can only keep excellent electrical conductivity for 2 hours. These drawbacks make EEG-based HMIs stable only under favorable laboratory conditions, and unstable in daily life because of various disturbances, including mechanical artifacts such as EMG and EOG signals ([@R4]). Nevertheless, EMG and EOG can be used as good control signals for healthy people and even "lock-in" patients who could still blink their eyes ([@R16]). As to these people, EMG and EOG techniques are more practical for everyday situations than EEG-based HMIs ([@R4], [@R16]). In particular for EOG, it is a technique serving both healthy and disabled persons. EOG is based on signal collection from the corneal-retinal potential difference in the process of eye movements. The fundus is usually defined as the negative pole and the cornea as the positive pole ([@R17]). The potential difference is determined in principle at least on two exposed electrodes (usually Ag/AgCl electrodes as wet electrodes) pasted around the sensitive eyes, which bring discomfort and poor aesthetics. In addition, the amplitude of EOG is very weak, ranging between 50 μV and 3.5 mV ([@R17]), which is often masked by noise and difficult to detect without sophisticated and expensive electronics. Also, as for these weak signals, facial muscle movement can easily produce artifacts ([@R17]). Therefore, EOG would be inappropriate for some applications, such as driving a car, piloting a plane, or operating a motorized wheelchair. A noninvasive and sensitive aesthetic sensor that is usable, stable, and comfortable is desired for serving the particular groups of people discussed above to solve these problems in bioelectrical-based HMI systems.

In recent years, the fast development of nanotechnology has provided possible strategies for problems in the field of bioelectric signal collection and HMIs ([@R18]--[@R20]). Among these technologies, a new system---the triboelectric nanogenerator (TENG) ([@R21]--[@R24])---was invented and quickly developed on the basis of contact electrification and electrostatic induction ([@R25], [@R26]), with unique advantages of high output, low cost, light weight, applicability of structure design, prominent stability, robustness, etc. ([@R27]--[@R30]). Because TENGs can generate electricity from almost all types of mechanical motions, including touching ([@R31]), sliding ([@R32], [@R33]), rotation ([@R34], [@R35]), vibration ([@R36]), etc., they can serve as self-powered sensors for a similarly wide range of motions, such as touch/pressure sensors ([@R37]), vibration sensors ([@R38]), biomechanical sensors ([@R39]), electronic skin sensors ([@R40]), acoustic sensors ([@R41]), pulse wave sensors ([@R42]), synthesized multifunctional sensors ([@R43]), and more. For the pulse wave sensor, Yang *et al*. ([@R42]) have reported a bionic membrane sensor that noninvasively monitors the extremely weak arterial pulse from the subject's carotid artery, chest, and wrist. This inspired us to consider whether a TENG-based micromotion sensor could be used as a novel sensing device as an alternative to traditional EOG technique and could make a significant breakthrough on the mechnosensational HMI.

Here, a noninvasive, highly sensitive (\~750 mV), easy-to-fabricate, stable, small, light, transparent, flexible, skin-friendly, low-cost, durable, and reusable TENG-based sensor for translating the real-time micromotion of eye blink into control command is presented. This mechnosensational TENG (msTENG) \[as a sensor, it can be regarded as a type of the present ongoing "dry electrode" ([@R15], [@R19])\] with a multifilm structure is designed on the basis of a single-electrode mode and thus could be flexibly mounted and hidden behind an eyeglass arm to form a wearable sensor ([@R44]). The voltage curves of the device with different parameter structures are tested systematically, and synchronous measurement illustrates that voltage amplitude from the msTENG is significantly larger (hundred times) than that from an EOG. On the basis of this high sensitivity, the as-fabricated msTENG smart sensor glasses are used to control household appliances with a simple signal processing circuit. Furthermore, a wireless module is introduced to develop a hands-free virtual keyboard typing system. This work for the first time brings a TENG-based sensor to the field of mechnosensational HMIs, and it promises to make a significant breakthrough on mechnosensational HMIs in conditions of daily life.

RESULTS
=======

As illustrated in [Fig. 1A](#F1){ref-type="fig"}, the circular msTENGs are mounted on the inner side arms of ordinary glasses with adjustable fixators in consideration of invisibility, aesthetics, and convenience. The small fixator ([Fig. 1A](#F1){ref-type="fig"}, 1) assembled with two acrylic sheets, two screws, and two springs provides a flexible mechanical support for the msTENGs. The msTENG ([Fig. 1A](#F1){ref-type="fig"}, 2) designed in the single-electrode mode has a multilayered structure using a thin layer of polyethylene terephthalate (PET) in a tadpole-like shape as a supporting substrate. A fluorinated ethylene propylene (FEP) thin film as one electrification layer coated with indium tin oxide (ITO) as the back electrode is laminated onto the PET substrate. The natural latex used as the opposite electrification layer, which will contact the skin near the eyes, is located on the top. Compared with other thin films, such as nylon and synthetic latex, the natural latex has advantages of super-high elasticity, high tensile strength, air permeability, durability, and being skin-friendly for sensitive eyes. To realize vertical contact/separation, we tightly attached an acrylic thin annulus as a spacer between the natural latex film and the FEP layer. The thickness and diameter of the annulus will determine the pressure detection limit and range of the msTENG. The tiny cylindrical cavity formed between the natural latex and FEP serves as an air spacer for the charge generation and transfer. Five pores with diameters of 0.5 mm are punched through the PET, ITO, and FEP layers, acting as air breathing channels. Fabrication of the TENG-based sensor is described in the Materials and Methods section. Photographs in [Fig. 1](#F1){ref-type="fig"} (B to D) illustrate a pair of glasses mounted with msTENG on its arms, the simple fixator, and the flexible and transparent msTENG (transmittance is shown in fig. S1). To enhance triboelectrification, we created vertically aligned polymer nanowires onto the FEP surface for better contact with the natural latex. A scanning electron microscopy (SEM) image of FEP nanowires is shown in [Fig. 1](#F1){ref-type="fig"}A2 (inset).

![Structure, and working mechanism of the msTENG.\
(**A**) Schematic structure of a pair of ordinary glasses mounted with msTENG. Bottom left: Structure of the fixing device for convenient adjustment. Bottom right: Schematic diagram of the msTENG. Inset: An SEM image of FEP nanowires. Scale bar, 5 μm. (**B**) Photograph of an ordinary glasses mounted with an as-fabricated msTENG. Scale bar, 2 cm. (**C** and **D**) Photographs of the simple fixator (C) and the flexible and transparent msTENG (D). Scale bars, 1 cm. (**E**) Schematics of the operating principle of msTENG. Top: Charge behavior when the eye is at different states during the blinking process. Bottom: Potential simulation by COMSOL to elucidate the working principle.](1700694-F1){#F1}

The working principle of the msTENG is based on the coupling of contact electrification and electrostatic induction. The electricity generation process when the eye is blinking is illustrated in [Fig. 1E](#F1){ref-type="fig"}. Here, both the schematic diagram of charge distribution (top) and simulation of potential distribution by COMSOL (bottom) are presented. In the original eye-open stage, there are positive charges on the natural latex and negative charges on FEP, which are obtained by several friction cycles between the natural latex and FEP layers. In the middle stage of the eye-blinking process, the muscle around the eye pushes the natural latex film close to the FEP layer. As the potential difference between the two layers gradually becomes lower, the electrons flow to the ITO electrode from the ground in the external circuit. When the eye is fully closed at the final stage, the natural latex film is then in contact with the FEP layer in a large area, so the bound charges are almost in neutralization. Consequently, because there is almost no potential difference across the ITO electrode and ground, the electron flow stops, and then, when the eye is back to open stage, there is an opposite current flowing in the external circuit. This is the full cycle of the electricity generation process.

To characterize the performance of the msTENG sensor, a computer-controlled linear motor and a force gauge are used. At the skin-contact side of msTENG, a silicon rubber pad is used to simulate the skin, and it is fixed on a linear motor tip to apply pressure uniformly onto the natural latex film. Meanwhile, at the other side of the msTENG, a small glass plate with the same dimension is placed between the PET substrate and the tip of the force gauge. As shown in [Fig. 2A](#F2){ref-type="fig"}, the applied pressures and corresponding output voltage under variable deformation degrees from 0.8 to 1.0 mm are measured at a contact-separate frequency of 0.5 Hz. In a cycle of the dynamic deformation, increasing and decreasing pressure is realized through a linear motor, which simulates the deformation induced by eye blinking. From the curves in [Fig. 2A](#F2){ref-type="fig"}, we can see that stronger blinking induces a better signal. To further investigate the frequency response and stability of the msTENG, we measured the voltage signals under an applied pressure of 1 N at deformation frequencies of 0.5, 1.0, 1.5, 2.0, and 3.0 Hz ([Fig. 2B](#F2){ref-type="fig"}). Short-circuit current at different frequencies and a durability test for 10,000 cycles are shown in figs. S2 and S3, respectively. The voltage amplitude reveals a high repeatability, stability, and durability of the msTENG. It is also noted that both the open-circuit voltage and the load voltage increase significantly with a rise in frequency, meaning that a stronger signal can be obtained when the eye blinks faster. To summarize the results of [Fig. 2](#F2){ref-type="fig"} (A and B), we can conclude that voluntary and fast blinking is different from an involuntary light blink (to be discussed later in the paper), showing that the msTENG has great potential in stable and reliable mechnosensational controlling.

![Characterizing the performance of msTENG.\
(**A**) Measurement of the force and output voltage under variable deformation degrees from 0.8 to 1.0 mm. In this measurement, silicon rubber was used to simulate the skin. (**B**) Load voltage (top) and open-circuit voltage (bottom) of the msTENG under different deformation frequency from 0.5 to 3.0 Hz. (**C** and **D**) The influence of gap distance (C) and area size (D). (**E**) Demonstration of eye movement signal acquisition through msTENG versus EOG. (**F**) Synchronous measurement of voltage signals from msTENG and EOG. Top right: Compressed curve from msTENG. Bottom right: Enlarged curve from EOG.](1700694-F2){#F2}

Furthermore, the influence of gap and area size of the air spacer in the msTENG is evaluated ([Fig. 2](#F2){ref-type="fig"}, C and D, respectively). The dynamic pressure is applied with a constant frequency of 1 Hz. [Figure 2C](#F2){ref-type="fig"} shows that when a light force (for example, \<2 N) is applied, the msTENG is more sensitive to that force when there is a smaller gap (a larger output voltage under the same force). On the other hand, a smaller gap means a smaller linear range and quicker saturation. Notably, when the gap is relatively large (such as 0.8 mm in [Fig. 2C](#F2){ref-type="fig"}), voltage versus pressure response curve exhibits two distinct regions with different slopes. To theoretically explain the result, we used the finite element method (FEM) to simulate the approaching and contacting process. The result is shown in fig. S4, which matches well the experimental results. In [Fig. 2C](#F2){ref-type="fig"}, in the low--applied pressure region (\<4 N), a lower pressure sensitivity is experimentally observed, whereas in the high-pressure region (\>4 N), well-behaved linear variation in the output voltage shows a superior pressure sensitivity. This tells us that the msTENG can be used as a microforce (also, deformation or motion) sensor, and different gaps are needed to make the msTENG work in linear range in different applications. For the area size of the air spacer, [Fig. 2D](#F2){ref-type="fig"} shows that higher sensitivity to force is obtained under a larger area, but the voltage curve is quicker to saturation. To summarize the results of [Fig. 2](#F2){ref-type="fig"} (C and D), a larger area size and a smaller gap create superior sensitivity to the microdeformation caused by blinking.

Synchronous measurement is taken to compare the output sensitivity of the as-fabricated msTENG with traditional EOG. [Figure 2E](#F2){ref-type="fig"} illustrates the sensor placement method for msTENG and EOG. For the msTENG, one skin-friendly sensor is concealed on the eyeglass arms, whereas for the EOG, two exposed Ag/AgCl electrodes are firmly pasted around sensitive eyes, which would lead to dim sight because of the connecting lead (the principle of EOG measurement is shown in fig. S5). A real-time profile of the output voltage from msTENG and EOG is demonstrated in [Fig. 2F](#F2){ref-type="fig"}. The insets show a compressed view of the msTENG signal (top) and an enlarged view of the EOG signal (bottom) in one cycle, indicating that an output signal from msTENG is much larger (more than 750 times) than that from EOG within the same response time. This result demonstrates the high sensitivity of the msTENG, and it is superior to any EOG reported in literature. A super-high sensitivity in an equal response time warrants the use of the msTENG to detect micromotions of eye blinking as a control signal in HMI.

On the basis of the strong advantages of the msTENG demonstrated above, we develop a smart home control system, comprised of a person, a pair of glasses mounted with the msTENG, a simple signal processing circuit, and some electrical appliances, such as a table lamp, an electric fan, and a doorbell ([Fig. 3A](#F3){ref-type="fig"}). The signal processing circuit consists of three parts: a 50-Hz notch filter to eliminate power-line interference, an AD623-based instrumentation amplifier to amplify the filtered signal to drive a relay, and a latching relay based on a single-chip microcomputer (SCM). For conditioning other signals such as EEG, EOG, etc., the circuit should always include more parts ([@R10]), aside from those illustrated above because of their poor SNR. Three small real circuit boards (≤5 × 5 cm) are shown in [Fig. 3B](#F3){ref-type="fig"} (a detailed diagram is shown in fig. S6). The procedure of signal processing based on these circuits is presented in [Fig. 3C](#F3){ref-type="fig"}. From top to bottom, the first signal is the original blinking signal from the msTENG, followed by the signals after being filtered, amplified, and relay-converted, respectively. Then, the output terminal of latching relay is connected in series with the electrical appliances (lamp, fan, or bell, as shown in [Fig. 3D](#F3){ref-type="fig"}) and a power outlet. When a user is blinking, the signal detected by the msTENG attached to the skin of the in-task eye is conditioned and converted into a switching signal for the electrical appliances ([Fig. 3D](#F3){ref-type="fig"} and movies S1 to S3). This demonstration presents many potential applications for the msTENG in daily life, such as hands-free phone answering while driving, ringing a doorbell when a person's two hands are fully occupied, self-care for the disabled, and so on. The msTENG functions as the extra hand you always dream of.

![Application of the msTENG in smart home control for both healthy and disabled people.\
(**A**) Scheme diagram of an msTENG-involved smart home control system. After simple filtering and amplifying, a blinking signal can be converted into a trigger signal to control the appliances. (**B**) The circuits for signal conditioning. (**C**) From top to bottom, the first signal is the original blinking signal from the msTENG, and as follows are the signals after being filtered, amplified, and converted, respectively. (**D**) Demonstration of the controlling of a table lamp, an electric fan, and a doorbell.](1700694-F3){#F3}

To make the msTENG easier to use, a wireless transceiver module is utilized, and then, a hands-free typing system (typing with eye blinking) is developed ([Fig. 4A](#F4){ref-type="fig"}). [Figure 4B](#F4){ref-type="fig"} shows the smart sensor glasses fabricated with the transmitter module. All the devices in this sensor system are of small sizes and could be encased in a specially designed glasses frame in the future. An eye blink signal from the receiver has a delay of 14.45 ms compared with a wire signal in synchronous measurement ([Fig. 4C](#F4){ref-type="fig"}), which would not affect common operations in daily life. The typing system is designed on the basis of the virtual instrument software platform LabVIEW as a virtual keyboard in the front panel ([Fig. 4E](#F4){ref-type="fig"}). On this keyboard, all the letters (A to Z) and a spacebar ("\_", set after "JK," as shown in [Fig. 4E](#F4){ref-type="fig"}) are divided into nine groups. The blue cursor keeps shifting to each of these groups at a certain speed \[for example, 1000 ms per group, set in a box of "Cursor (ms)"\]. To select a letter in a group when the cursor is shifting on it, the user is supposed to voluntarily blink over a specified period of time \[for example, 1000 ms, set in a box of "Detect (ms)"\]: once, the first letter will be typed to the above textbox; twice, the second letter; and thrice, the third letter (a query table is illustrated in table S1). Because of a high spelling success rate (table S2), "backspace" and "clear" are rarely used. Thus, the strategies for "backspace" and "clear" are designed as four and five consecutive voluntary blinks, instead of adding an extra group labeled "backspace" and "clear" on the screen, which may affect the concision and the spelling efficiency. Furthermore, a more complete scheme of a virtual full keyboard with two channels (for both eyes) is preliminarily framed (fig. S7). The threshold to classify a blink as voluntary or not can be adjusted according to each individual. The process flow of the whole typing system is illustrated in fig. S8. In [Fig. 4E](#F4){ref-type="fig"}, the word "TENG" has been typed with eye blinking by a user. Each signal corresponding to a certain letter is enlarged in [Fig. 4D](#F4){ref-type="fig"}, from which we could understand the operating process and attest the significant difference between voluntary and involuntary blink, as predicted in [Fig. 2](#F2){ref-type="fig"}. To verify the performance of this wireless virtual keyboard typing system, a user with two trials to find the best msTENG placement demonstrates a simple operation process ([Fig. 4F](#F4){ref-type="fig"} and movie S4) and successfully typed the sentence "HELLO TENG" in the textbox. Excellent performance of this system could be proof for the msTENG as a super-sensitive sensor to be applied in computer control. We believe that on the basis of the msTENG, many kinds of mechnosensational computer games will spring out to make life more fascinating.

![Application of the msTENG in a hands-free typing system.\
(**A**) Sketch of the msTENG as a way to help people suffering from "locked-in syndrome" to communicate with the world. (**B**) The msTENG glasses are assembled with wireless transceiver module to make it easier to use. (**C**) Synchronous acquisition of wired (green) versus wireless (red) signal. (**D**) Correspondence between signals and letters typed in the demonstration of a hands-free typing system (**E**) with adjustable threshold, detecting time, and cursor shift interval. (**F**) Demonstration of the msTENG-based hands-free wireless typing system. The words on the screen are typed with eye blinking.](1700694-F4){#F4}

DISCUSSION
==========

Nowadays, keeping pace with the rapid development of artificial intelligence is an important and urgent task for the sensor technology. Here, we have developed a TENG-based, highly sensitive, noninvasive micromotion sensor that is skin-friendly, reusable, small, and light to translate eye blink to control command for HMIs and have mounted it on the arms of glasses to construct two practical HMI systems---the smart home control system and the hands-free typing system. Both systems performed extremely well on the basis of simple hardware circuit and software program. These systems are merely ordinary demonstrations that bring us inspiration to apply new technology to a traditional research field. To benefit from TENG, the msTENG sensor is distinct and unique in its fundamental mechanism, which can effectively avoid problems, such as poor SNR and inconvenient operation in mechnosensational HMIs. Moreover, considering the easy fabrication process and the common materials used, the msTENG sensor is cost-effective and suitable for mass production to serve people dependent on ambient intelligence. With the innovative assembly of msTENGs in different body places, people can foresee great potential of TENG-based sensors in intelligent robotics.

MATERIALS AND METHODS
=====================

Fabrication of the TENG-based sensor
------------------------------------

The fabrication process of the msTENG started from a piece of PET slice. Typically, a PET film (thickness, \~0.2 mm) was cut into tadpole-like pieces (head, diameter of 15 mm; tail, rectangle of 5 × 2 mm) to act as the substrate and the single electrode using a laser cutter after depositing an ITO layer (\~50 nm) by electron beam deposition. Then, a nanostructured FEP film (thickness, 20 μm; etched by inductively coupled plasma--reactive ion etching) was adhered over the ITO layer to work as the negative tribolayer. It should be noted that several pores should be created on the as-prepared bottom slice to avoid forming an enclosed chamber. Later, a PET film (thickness, \~0.2 mm) was cut into an annulus (outer diameter, 15 mm; inner diameter, 13 mm), followed by covering a natural latex film (thickness, 0.05 mm) to work as the positive tribolayer. Finally, the as-prepared two parts were assembled to msTENG.

Signal processing circuit
-------------------------

To convert the raw signal into a command, it is necessary to filter the power-line interference and to amplify the filtered signal. First, a two-stage twin-T 50-Hz notch filter with tunable Q-factor (a detailed diagram is shown in fig. S6) was adopted. Then, the filtered signal was amplified by an AD623-based instrumentation amplifying circuit with tunable magnification and dc bias (fig. S6). All the parameters were adjusted carefully to meet the needs of command translation. The commercial latching relay based on a programmed SCM was easy to be driven by the processed signal.

Characterization and measurement
--------------------------------

Field-emission SEM (Hitachi SU8010) was used to characterize the surface morphology of the nanostructured FEP film. For the electric output measurement of the TENG-based sensor, a linear motor (LinMot E1100) was used to form alternative motions and drive the sensor to contact and separate for quantified measurement. Meanwhile, a force meter was also used to measure the corresponding pressure force. A programmable electrometer (Keithley 6514) was adopted to test the open-circuit voltage and short-circuit current. In addition, NI 6259 was used to collect data. A software platform was constructed on the basis of LabVIEW, which is capable of realizing real-time data acquisition control and analysis.
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fig. S1. Transmittance spectra of the msTENG.

fig. S2. Short-circuit current curve of the msTENG under various working frequencies.

fig. S3. Durability test of the msTENG during 10,000 working cycles.

fig. S4. The voltage distribution on the sensor under different displacements by FEM simulation in [Fig. 2C](#F2){ref-type="fig"}.

fig. S5. Principle of EOG measurement.

fig. S6. Main circuit diagrams for conditioning signal from TENG.

fig. S7. Virtual full keyboard with grouping strategy.

fig. S8. Process flow of the typing system.

table S1. Query table for eye blink typing.

table S2. Success rate of the eye blink typing test.

movie S1. Demonstration of the msTENG in controlling a table lamp.

movie S2. Demonstration of the msTENG in controlling an electric fan.

movie S3. Demonstration of the msTENG in controlling a doorbell.

movie S4. Demonstration of the msTENG-based hands-free wireless typing system.
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